Non-destructive measurement of plant chlorophyll concentration using the normalized difference vegetation index (NDVI) has long been employed as standard practice to determine the plant health status. This is because the NDVI value is correlated with the chlorophyll concentration which in turn is highly correlated with other vital plant parameters such as nitrogen and magnesium concentration. Initially the NDVI values were obtained from satellite imagery and thus could only be used to assess the health status of bigger ecosystems like forests and crop fields. With the introduction of a portable handheld chlorophyll meters like the Chlorophyll Meter SPAD-502 Plus, the same principle could be used to determine the chlorophyll concentration of single leaves. However, these devices still have one major shortcoming: They can only measure the chlorophyll concentration on one single spot on the leaf at a time. But depending on the species the chlorophyll concentration tends to vary significantly over the leaf. To overcome this limitation, we developed our PlantAnalyzer which offers better spatial resolution of the NDVI values and hence the chlorophyll concentration. Its technical realization and precision is elaborated in the following article.
INTRODUCTION
Chlorophyll concentration is an important parameter to monitor the physiological status of plants. Chlorophyll concentration is controlled by the availability of nutrients such as nitrogen, magnesium, iron, calcium, manganese and zinc, as was reported by Bottrill, Possingham, and Kriedemann [2] and thus gives pivotal information about nutrient deficiencies. The most common method the check the plant health status is the N-Kjeldahl test for measuring nitrogen concentration [5] . Another in vitro method are the spectrophotometric methods developed by Lichtenthaler [6] and Porra, Thompson, and Kriedemann [9] to analyze chlorophyll extracts from a leaf sample. However these methods are destructive, timeconsuming and expensive.
To overcome these disadvantages optical methods based on the reflectance spectrum of chlorophyll have been developed. One of the most popular ones is the normalized difference vegetation index (NDVI) index, which uses the fact that vegetation has a high reflectance in the near infrared part of the electromagnetic spectrum but a rather low reflectance in the red band. The NDVI value represents exactly this difference in reflectance [14] :
where IR and R stand for the reflectance in the near infrared and red band, respectively. The reflectance curves of green and yellow Manihot esculenta (cassava) leaves are shown in Figure 1 . It is clearly visible on Figure 1 , that for higher SPAD values the ratio between the reflectance in the infrared band and the red band is also higher. Higher SPAD values correspond to healthier, ie.e greener leaves. The data was obtained using a Ocean Optics USB4000 spectrometer. The soil plant analysis development value (SPAD) can be measured with handheld chlorophyll meters like the SPAD-502.
The PlantAnalyzer Schematic: Each of the LED arrays consists of three high power LEDs, making it a total of 18 LEDs. The cameras are approximately 3 cm apart, which makes them suitable for stereo vision and produced multispectral NDVI image.
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They also makes use of this difference in reflectance by shielding the region of interest (ROI) from outside light and shining red and near infrared light through the specimen to measure the absorption rate [8] . While this has the advantage of a simple hand held device which can be used in situ, it is limited to measuring the chlorophyll content of a ca. 3 mm 2 ROI and is not particularly accurate with thicker leaves, where the absorption is almost 1 for both the near infrared and the red bands. Our PlantAnalyzer complements these devices by calculating the pixel-wise NDVI value from two images where the plant was illuminated with red light in one image and with near infrared light in the other image (see Figure 3 ). The result shows a chlorophyll concentration color index/heatmap which not only reflects the average chlorophyll concentration in the specimen, but also the distribution within the specimen. It can be shown that the anthocyanin concentration in plant tissue is correlated with the ratio of reflectance in the red and green band [13, 7] . Thus we included the calculation of the red/green ratio in our analysis and displayed in the same way as the NDVI values. Thus the red/green ratio (RG) is defined as RG=R/G (2) where R and G are the reflectances in the red and green band, respectively. As additional information the proposed PlantAnalyzer also estimates of the total leaf area and the average NDVI value and R/G-ratio of the leaves. The main idea for the PlantAnalyzer was to create a controlled environment, in the sense that the lighting conditions can be manipulated freely and the background color is known. This should allow more precise measurement of the NDVI value and R/G ratio, than the values obtained from satellite imagery or in situ measurement under varying lighting conditions.
EXPERIMENTAL

System Overview
An analyzation chamber with high power LEDs of three different range wavelenghts as light sources was built. It also included two Raspberry Pi 3 units to control the LEDs and do all the computing work. One of the Raspberry Pi units is equipped with an ordinary RGB camera module while the second one is equipped with the infrared camera modul. The PlantAnalyzer takes four different pictures of the plant. First a stereo image pair is taken with the white LEDS turned on. Then one picture with the red LEDs turned on and one with the IR LEDs turned on are taken. The obtained pictures are then analyzed to obtain the NDVI values and R/G ratios from the red and the IR pictures and the RGB picture respectively. From these values, the chlorophyll concentration heatmap as well as a R/G ratio heatmap for easier evaluation in hardwareof the results. The RGB images are also used to section the images, i.e. separate the leaves from the background, and to calculate a depth map of the plant. To do so the disparity of one point is calculated from which the distance of the point from the camera can be estimated. Using this depth map, the total leaf area as well as a normalized average of the NDVI values were estimated.
All these results are presented in a graphical user interface (GUI) which makes it possible to see the chlorophyll distribution and R/G values at a glance and also print the exact NDVI values or R/G-ratios of interesting pixels to the screen by clicking on them. The GUI also allows the user to save the whole set of images and load old sets for comparison.
To verify our obtained NDVI-values and calibrate them to actual chlorophyll concentrations we compared them with the SPAD values measured with our SPAD-502 meter, whose characteristics with different species and also plant independent chlorophyll concentration curves are well studied. Since because the chlorophyll concentration can be estimated from the NDVI value. This factor is known and taking it into consideration for anthocyanin concentration estimations should make them more robust.
Hardware
The PlantAnalyzer hardware consists of an analyzation chamber with different light sources and two Raspberry Pi units with a camera unit each. The analyzation chamber is made from non-transparent withe acrylic sheets for the walls and aluminium bars as edges. Its dimensions (height × width × depth) are 100 × 50 × 50 cm 3 and the cameras and LEDs are mounted at approximately 75 cm height. The heart of the PlantAnalyzer is the two aforementioned Raspberry Pi units. The first one is equipped with the Raspberry Pi NoIR v1 camera module while the second one is equipped with the Raspberry Pi camera v1 module. The sole purpose of the second Raspberry Pi is to control the second camera unit as well as to send the captured images via ssh to the first Raspberry Pi. This first one is responsible for all the heavy computing work, including image arithmetics and analysis and displaying the GUI. As light sources, two sets of three 3W high power LEDs per color were used. For sectioning purposes and for calculating the disparity map and thus depth information the first Array of LEDs consists of white LEDs. The second and third Array consist of Red and near infrared LEDs with 660 and 940 nm wavelength respectively, the exact emission spectra are shown in Figure 1 . The red and infrared LEDs are used to illuminate two pictures needed to calculate the NDVI values. All LED arrays are arranged symmetrically around the cameras, as shown in Figure 2 . The LEDs are driven by affordable China made LED drivers whose power supply is controlled using the general purpose in and output ports (GPIO) of the main Raspberry Pi and some standard Darlington transistors. The 50 Hz flickering in the brightness of the LEDs within one exposure was taken into account by 32 adding a vertical (in the resulting images) grey calibration bar inside of the analyzation chamber. To correct the flickering, the exact flickering curve along a column is quantified using the brightness values of this calibration bar and this flickering curve is then used to "deflicker" the image by software. Figure 2 . Sketch of the PlantAnalyzer. Each of the LED arrays consists of three high power LEDs, making it a total of 18 LEDs. The cameras are approximately 3 cm apart, which makes them suitable for stereo vision. The sketch is not to scale.
Software and Algorithm
Almost all softwares for the image analysis was done using Python and the popular opencv and numpy libraries which provide image analyzation and array manipulation functionality for python using native C/C++-code in the backend, making them very efficient in both the coding and computing time. The GUI was written using the PyGTK Python bindings of GTK and using the GUI designer.
The analyzation process consists of 7 main steps: 1. First the images must be deflickered to correct the bars of different brightness caused by the flickering light sources. 2. Then the images are undistorted. opencvs stereoSGBM algorithm, which is used to calculate the disparity map, works only with perfectly aligned images where one point in the right picture is in exactly the same line in the left picture. Since both used cameras are not that perfectly aligned and also do not perfectly satisfy the assumptions of a pinhole camera model the images have to be undistorted using opencvs initUndistortRectifyMap and remap functions. The distortion parameters were determined using the similar procedure that has been previously described [11] . 3. After that the pixel wise NDVI values are calculated according to equation (1) . For the reflectance in the near infrared band IR and in the red band R we used the pixel values of the red channel of the images taken under near infrared and red illumination respectively, because those pixel values areup to scale and eventually the application of tonal response curvesthe same as the radiances used by Tucker [14] . The exposure times for both images were chosen such that we would get the maximum possible dynamic range for both images, i.e. the pixel value 255 for white paper and 0 for black paper. Given the standard deviation in the calculated NDVI value of one single leaf, this dynamic range is more than sufficient. After calculating the pixelwise NDVI value as in (1) from the red channels of the images and rescaling the domain [-1,1] to [0,255] the colormap parula is applied to make subtle changes in the NDVI values better visible. The images were taken from the calibration data sets and show three cassava leaves with different SPAD values, as can be seen in the NDVI heatmap.
4.
Similarly the pixel wise R/G ratio are calculated according to equation (2) . As values for R and G we used the pixel values of the red and the green channel of the RGB images (under white illumination). To visualize the R/G ratios, the histogram of the ratios is equalized. 5. In the next step, the leaves were masked to calculate for the average NDVI value and the leaf area only on pixels, that actually show leaves. For the mask it was sufficient to simply select pixels whose saturation was over a certain threshold in the RGB images, because the interior of the PlantAnalyzer is completely white and appears in different shades of grey in the RGB image. 6. Now the disparity map is calculated from the undistorted RGB images from the right and the left camera. Again the magic of opencv's inbuilt functions was used as described in [10] using the stereoSGBM algorithm and the obtained empirically determined parameters in this work. 7. Finally, the average NDVI value, average R/G ratio and a leaf area estimate are calculated. For the leaf area estimate, the pixel wise area per pixel values were calculated as described in A.iv and then sum over all pixels that were identified displaying leaves in the masking process. For the weighted average NDVI value, these area per pixel values were multiplied by the NDVI value of the corresponding pixel, sum over all pixels displaying leaves and then divide by the leave area estimate. This strategy ensures that the average is adjusted for the fact that leaves which are closer to the camera span more pixels in the image. The same goes for the average R/G ratio. All important results are then displayed in the GUI of the PlantAnalyzer program.
Workflow
In the following the normal workflow, where the user just wants to analyze one single plant, is described. After placing the plant in the analyzation chamber and closing it, so that no external light can enter the chamber the user can set the project name using the New Button in the GUI. After that the images are taken by clicking the Take Photos button. Now the RGB image taken with the left camera as well as the red and the near infrared image are already visible in the GUI and may be inspected, whether the whole ROI was captured and the calibration bar is not covered by leaves. After the images were taken, which is signaled by the message "Right Photo retrieved" in the log window on the bottom of the GUI, one may press the Analyze button which invokes the analyzation process. This analyzation process takes up to two minutes to finish on the Raspberry Pi, because it includes some quite computing intensive work like calculating the disparity map and the pixel wise NDVI value on a 5 MP image. The current step of the analyzation is shown in the log window on the bottom of the window.
Once the analysis is done the results for the estimated leaf area and the average NDVI value and average R/G ratio are displayed in the result panel on the right side of the screen. To obtain the exact NDVI values or R/G ratios of different spots on the leaf, it is possible to left-click on them in the respective heat map view. Then the value of the clicked pixel is written to the log window. For more precise selection of the spot, it is possible to toggle between a fitted view and a 100% view of the heatmaps using the Toggle Zoom button. For later analyzation or comparison with other specimens it is possible to save the whole set of images via Measurement → Save to the current project name or via Measurement → Save as to a name of your choice. These zip-Files can later be opened via Measurement → Open or by starting the PlantAnalyzer with the option -f filename.zip. Note however, that they typically take up to 6 MB of your valuable hard drive space. The measurement class is a module independent of the GUI which means any technical interested and versed person can use it to write his own analyzation scripts for e.g. time-lapse analysis of leaf senescence and extract even more data from the images such as an estimate of the average leaf size. The source code and a detailed documentation are available at [1] .
RESULTS AND DISCUSSION
NDVI and SPAD values
The calibration of our PlantAnalyzers NDVI values to actual chlorophyll concentrations was done using the SPAD-502 as a intermediate step. Twelve different cassava leaves with different SPAD values (as measured with the SPAD-502) ranging from 0.6 to 40 were selected from the nature laboratory of MRCPP. For each of these leaves one point was marked using tape and then scanned four times with both, the SPAD-502 chlorophyll meter and with the PlantAnalyzer. Since the cassava leaves are to a certain degree transparent to near infrared and red light, which is why the SPAD-502 works at all, the measured NDVI-values differ depending on the background. Thus we decided to scan the leaves twice with the PlantAnalyzer: Once with a white background, which reflects the situation where one wants to analyze a single loose leave, and once with black background which reflects the situation, where one wants to analyze leaves which are still attached to a plant and thus hang freely without something behind them to reflect light. values from the SPAD meter in the range from 0 to 35 which is remarkable. From 35 upwards the correlation is slightly changed ( Figure 5 and Table 1 ). *a and b are the values for slope and intercept of the linear regression curve while r 2 and p are the coefficient of determination and the two sided pvalue for the null hypothesis test. For the standard deviations the square-roots of the diagonals of the covariance matrix were used.
To further verify these findings we got another set of ten leaf samples and used the results from the linear regression to predict the SPAD values from the NDVI values measured with the PlantAnalyzer. For each leaf, one to two spots were marked on the leaf with tape and for each of the spots we measured both the NDVI and the SPAD value four times, to deal with the fact, that the NDVI and the SPAD values tend to change quickly even on small length scales. As before, the NDVI value was measured twice, once with a black background and once with a white background. The results are shown in Figure  6 . It was found that the PlantAnalyzer works well to predict SPAD values in the range from 0 to 35, but is not as precise from 35 upwards. This results is in agreement with the data from Figure 5 . 
Correlation of SPAD values and chlorophyll concentration
To predict the actual the chlorophyll concentration from the NDVI values the SPAD values had to be correlated with the chlorophyll concentration. The chlorophyll concentration was determined using the method developed by Lichtenthaler [6] using 100% acetone as a solvent. Table 2 . Overview over the results of the regression analysis. a and b are the values for slope and intercept of the linear regression curve while r 2 and p are the coefficient of determination and the two sided p value for the null hypothesis test. For the standard deviations the square-roots of the diagonals of the covariance matrix were used.
Figure 7. Linear Regression between the measured SPAD values and the chlorophyll concentration in cassava leaves
Combining the results from Table 1 and Table 2 we get our final formula for estimating the chlorophyll concentration from the NDVI values:
Where CC stands for chlorophyll concentration and σi for the respective standard deviation. The formulas for the standard deviation have been derived according to the rules of linear error propagation using the standard deviations from the regression parameters shown in Tables 1 and 2 .
Leaf Area estimation and average NDVI value
To determine the margin of error for the leaf area estimate and average NDVI value and find their dependence on the distance from the camera and light sources, two more tests were carried out. For the first one single cassava leaves that lied flat on a white surface were used while for the second one is a young Arachis pintoi plant, whose leaves would overlap each other and were not always orthogonally facing the camera, was used. For both test objects we made 7 measurements in different heights and, in the case of the plant, different orientations. In each case the average NDVI value, the leaf area estimate and the typical disparity value on a leaf as calculated by our software were written down. The results of these tests are presented in Figure 8 and 9 . It is clearly shown that both the leaf area estimate as well as the average NDVI value estimate work better, if the plant is further away from the cameras and light sources. If the plant is too close to cameras and light sources the illumination of the leaves depends too much on their position in the xy-Plane and the calculation of the disparity map fails, resulting in a unusable disparity map and NDVI values that are not consistent in the xy-Plane. If the camera has a planar view of the leaves and they do not cover each other the estimation of the leaf area from the depth map and the pixel counting works well, as can be seen from Figure 8 . However if the object of interest is not a leave, but a whole plant the estimated leaf area varies more, depending on the orientation of the plant and distance from the camera. Interestingly the dependence of the average NDVI value from the distance from the camera depends not only on the orientation of the leaves, but also on the species. While the average NDVI value was more or less constant over the whole range for the Arachis pintoi plant, it decreased with the distance for the cassava leaves. This means, that it is neccessary to have different calibration curves for different species and that the calibration curves also depend on the distance from the cameras and light sources.
Further improvements of our PlantAnalyzer can be made, by choosing better Wavelengths for the IR LEDs. As can be seen in Figure 1 the Wavelength of our IR LEDs is a too high and almost in the range of the water absorbtion band [3] . A wavelength of about 800 nm may yield better results for the NDVI values. On that same note it is of course also possible to add even more LEDs with narrow emission spectralike the Red LEDs used haveto obtain truly multispectral images. Although this has not been an issue so far, one could then also increase the image acquisition speed by applying using the LEDMSI system described by Shrestra and Hardeberg [12] .
CONCLUSION
By While the calibration curves from section III give good results for cassava leaves in a well defined distance from the cameras and light sources, the results from section III show clearly that those calibration parameters can not be generalized to other species and they have to be calibrated seperatly to obtain accurate chlorophyll concentration predictions from the NDVI values. However the good results in III suggest that similarly good results can be achieved for other species too. One limiting factor in making those calibrations however is the heterogenous distribution of chlorophyll in the leaves, leading to a wide variation of NDVI values over a small ROI. This makes it hard to measure SPAD and NDVI value at exactly one point and is the reason, why we measured each point four times for the calibration. What remains to be explained is the fact, that for SPAD values over 35 the prediction of SPAD values using the NDVI values as well as the prediction of chlorophyll concentrations from the SPAD values works considerable worse, than for smaller SPAD values. The Hypothesis that the SPAD-503 meter tends to give worse results for thicker leaves, i.e. cassava leaves with higher SPAD indexes, could not be confirmed. We could not gather enough data to make a definitive statement about the usefulness of the R/G data. Hence it is left for another paper to find out, whether the R/G ratios as they are calculated and displayed are good for estimating the anthocyanin concentration in the leaf. The fact that the stereoSGBM algorithm fails to produce usable disparity maps for too high plants, i.e. too high disparity values, gives us another restriction in the plant height that can be analyzed.
